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ABSTRACT 
A three-dimensional model of the histidylable 3’4erminal tRNA-like domain of tobacco mosaic virus RNA is pro- 
posed on the basis of a comparative structural analysis, chemical and enzymatic probing, combined with graph- 
ical modeling of three RNA constructs of increasing size (38,108, and 182 nt) derived from the 3’4erminal viral 
RNA sequence. The comparison between the probing patterns of the three RNAs allowed the determination 
of the relative orientation of these structural domains in the full-length viral tRNA-like structure. Modeling data 
indicate that only one of the two possible isomers of the three-way junction located at a central position of the 
tRNA-like domain is in agreement with structural data. Interestingly, this isomer gives rise to a molecule bear- 
ing a structural mimicry with the L-shape of canonical tRNAs. A pseudoknotted acceptor branch containing 
a T-like loop is located perpendicularly to an anticodon-like branch. Moreover, a single-stranded RNA stretch 
belonging to the pseudoknotted central core mimics a D-like loop and it is proposed that it interacts via two 
conserved guanosines with nucleotides of the T-like loop as found in canonical tRNAs. This model is valid for 
the 3’ noncoding regions of tobamovlral RNAs as well as for the tRNA-like domain of the satellite tobacco mo- 
saic virus RNA. All three molecules are substrates for yeast HlsRS; however, whereas the complete viral ge- 
nome is required for optimal histidylation capacities, both charging levels and affinity constants are decreased 
for the three RNA transcripts, suggesting that additional contacts located outside the tRNA-like domain are 
needed for an optimal aminoacylation process. 
Keywords: minimalist tRNA-like structures; modeling; probing; three-dimensional structure; TMV; tRNA-like 
structures; viral RNA 
INTRODUCTION 
For several decades, the structure of the tobacco mo- 
saic virus has been studied extensively (for reviews, 
see Holmes, 1984; Stubbs, 1984). However, despite 
several structural studies performed on the viral cap- 
sid, as well as on its interaction with the genomic RNA 
(e.g., Bloomer et al., 1978; Namba et al., 1989), only a 
few structural investigations were focused on the RNA 
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itself, and these studies were restricted to its 5’ and 3’ 
ends. Based on the primary sequence of the viral ge- 
nome (Guilley et al., 1979; Goelet et al., 1982), motifs 
responsible for enhancing translation were identified in 
the 5’leader (Gallie & Walbot, 1992), whereas a pseudo- 
knot-rich domain followed by a tRNA-like structure 
was found at the 3’ end (for review, see ten Dam et al., 
1992). This particular 3’ domain, chargeable with a spe- 
cific amino acid @berg & Philipson, 1972), increases 
both translational efficiency and RNA stability (Taka- 
matsu,et al., 1990; Gallie et al., 1991; Leathers et al., 
1993). A model for the secondary structure of the TMV 
RNA 3’ end was first proposed by comparison with the 
TYh4V RNA 3’ end (Rietveld et al., 1983). This was con- 
firmed and further detailed by solution-probing data 
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(Rietveld et al., 1984; Van Belkum et al., 1985; Garcia- 
Arenal, 1988), and artist drawings of the tertiary folding 
of the TMV tRNA-like domain for various viral strains 
were proposed. In the derived secondary structure, 
three major structural domains are connected by a cen- 
tral core (Fig. 1). A pseudoknotted domain Dl mimics 
a tRNA acceptor branch, an anticodon-like domain D2 
is analogous to a tRNA anticodon branch, and a 5’ up- 
stream domain D3 contains three pseudoknots. The 
pseudoknots of domains Dl, D2, and D3 all belong to 
type (ii) (Westhof & Jaeger, 1992). These three struc- 
tural’domains are connected to a central core C, which 
comprises a three-way RNA junction in which two of 
the RNA helices connected by stretches of single- 
stranded RNA form a pseudoknot of type (i) (Westhof 
& Jaeger, 1992) with the L2 region comprising itself a 
helix. The conformation of this central pseudoknotted 
core is crucial for both the topology andthe folding of 
the TMV tRNA-like domain because it imposes the ori- 
entations of the three adjacent domains Dl, D2, and 
D3. Previous structural studies were unable to discrim- 
inate between several hypotheses concerning the fold- 
ing of this central core (reviewed in Mans et al., 1991). 
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In this paper, we first confirm the secondary struc- 
ture of the TMV tRNA-like domain (vulgare strain) by 
collecting additional enzymatic and chemical probing 
data, and then derive a refined three-dimensional 
model of the RNA structure by computer modeling. 
Moreover, this structural study was undertaken to de- 
fine the tertiary folding of the central core C and to dis- 
criminate between the earlier proposals. To address 
these issues, three RNA constructs of increasing size 
were designed: an RNA transcript of 38 nt analogous to 
domain Dl, which mimics a tRNA minihelix; a 10%nt 
long RNA corresponding to the TMV tRNA-like core 
(domains Dl and D2); and, finally, an RNA transcript 
of 182 nt corresponding to the entire TMV tRNA-like 
structure (domains Dl, D2, and D3). A comparative 
analysis of their reactivities toward chemical and enzy- 
matic probes allowed definition of the correct orienta- 
tion of these three domains relative to the central core. 
The modeling results show that two alternate con- 
formers are plausible for the folding of the three-way 
RNA junction, but both probing and functional data 
are only compatible with one of the two putative con- 
formational isomers. Interestingly, only one isomer al- 
Dl 4Q 
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FIGURE 1. Schematic representation of the TMV tRNA-like secondary structure on the basis of previous structural stud- 
ies emphasizing the three structural domains Dl (black dots), D2 (grey dots), and D3 (white dots), all connected together 
by a central core C (boxed). The boxed region, or central core C, is redrawn differently to illustrate the pseudoknot topol- 
ogy. As usual in the tRNA-like field, the numbering starts at the 3’ end. Arrows follow the RNA strand from the 5’ to the 
3’ end. Dl (38 nt), Dl-D2 (108 nt), and Dl-D2-D3 (182 nt) correspond to the three RNA constructs used for structural in- 
vestigations. In the virus, the Dl-D2-D3 domains are Covalently linked to -6,200 nt. 
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lows a perpendicular orientation of domains Dl and 
D2, thereby mimicking the two branches of canonical 
tRNAs. Moreover, the respective orientation of these 
two domains seems constrained by two long-range in- 
teractions similar to those existing between the D- and 
T-loops in canonical tRNAs. Because the TMV RNA is 
aminoacylable with histidine (ijberg & Philipson, 
1972), the kqistidylation capacities of the three RNA con- 
structs were measured using yeast histidyl-tRNA syn- 
thetase (HisRS) and compared to that of the entire 
TMV RNA. 
RESULTS 
Secondary structure of the 182 nucleotide 
long TMV tRNA-like domain 
_, 
Whereas previous structural studies were performed 
on RNA fragments of more than 100 nt derived from! 
the natural TMV tRNA-like domain (Rietveld et al., 
1984; Van Belkum et al., 1985), the present study inves- 
tigates the structure of three in vitro transcribed over- 
lapping RNAs of increasing size derived from the 3’ 
end of the viral genome (38,108, and 182 nt). Chemical 
(DMS and DEPC) as well as enzymatic (nuclease Sl 
and RNases Vl and Tl) probes were applied. Typical 
modification patterns, obtained after chemical probing 
of the three labeled RNA transcripts, are displayed in 
Figure 2. The summary of all enzymatic and chemical 
probing data obtained on the three RNAs is given in 
Figure 3. Structural information is available for each 
nucleotide, as indicated on the secondary structure of 
the TMV tRNA-like domain proposed by Rietveld et al. 
(1984), and which includes several additional structural 
features derived from our structural data, namely an 
A30U34 reverse-Hoogsteen base pair, the stacking of 
nt A18 on C17, and the location of the single-stranded 
RNA stretch A95-U98 in close proximity of the U28- 
u34 loop. 
Despite a couple of differences, the present structural 
data are in good agreement with those reported pre- 
viously for a 104-nt long tRNA-like fragment (Rietveld 
et al., 1984) and for the 204-nt long 3’ noncoding region 
of TMV RNA (vulgare strain) (Van Belkum et al., 1985). 
Indeed, Vl cuts are always observed in double-stranded 
regions of the proposed secondary structure and Sl 
cleavages were only found in loops or in single-stranded 
RNA stretches (see Fig. 3 for details). Moreover, our 
additional probing data concerning Watson-Crick posi- 
tions of cytosines (atoms N-3) support most of the base 
pairings of the secondary structure. Indeed, as shown 
in Figure 3, cytosines involved in Watson-Crick base 
pairings within the secondary structure of the TMV 
tRNA-like domain are reactive only in denaturing con- 
ditions (one exception is Cl00 in the 182-nt long RNA 
transcript). In addition, Hoogsteen positions of purines 
located in helical domains are only reactive toward 
chemical probes when the RNA structure is denatured, 
another observation in favor of the proposed second- 
ary structure. Moreover, the five pseudoknots of the 
tRNA-like structure proposed previously, one in do- 
main Dl, one in the central core C, and three in domain 
D3 (Rietveld et al., 1984), are validated by our additional 
probing data, and especially at both the Watson-Crick 
and Hoogsteen positions of the nucleotides involved 
in these tertiary interactions (see Fig. 3 for details). Ac- 
cording to its reactivity toward chemicals, the 7-nt loop 
U28-U34 mimics a T-loop structure as found in canon- 
ical tRNAs with a A30-U34 reverse Hoogsteen base 
pair stacked on the last base pair of the adjacent helix, 
and nt U28 and A29 located outside from the loop. 
Structural relationships between 
domains Dl, D2 and 03 
The mapping data of common structural domains 
within the three RNA structures of increasing size 
(RNA Dl, RNA Dl-D2, and RNA Dl-D2-D3) have been 
compared in order to establish potential structural re- 
lationships between the different domains of the full- 
length molecule. Several differences can be observed 
between the shortest RNA fragment and the intermedi- 
ate size. Two sets of Vl cuts, between C4 and G6 and 
between Gil and C13, are observed in RNA Dl, but 
not in RNA Dl-D2. On the other hand, RNA Dl-D2 is 
cleaved weakly by RNase Vl between C16-C17, U20- 
G21, and G37-G38 residues, and by nuclease Sl be- 
tween G31-U33 residues, but RNA Dl is not. Finally, 
in RNA Dl-D2, four Vl cuts (between G21 and C25) 
are shifted by one residue to the 5’ side in RNA Dl (Vl 
cuts between C22 and C26). In contrast to RNA Dl, do- 
main Dl is in close proximity to the central core in RNA 
Dl-D2. The proximity of domain Dl in RNA Dl-D2 may 
account for the differences observed between the two 
molecules when comparing their probing patterns. Fur- 
ther, the disappearance of cuts at the 3’ end of Dl and 
the appearance of new cuts in Dl-D2 on the comple- 
mentary side indicate a destabilization of the pseudoknot 
in the longer molecules, possibly due to the constraints 
imposed by the short junction between DI and D2. In- 
terestingly, the probing pattern of domain Dl is iden- 
tical between the intermediate and the longest RNA 
fragment (see Fig. 3 for details). These results suggest 
that no tertiary interaction is occurring between do- 
mains Dl and D3 which, therefore, appear to behave 
independently. 
The probing patterns of domain D2 within the two 
RNA constructs Dl-D2 and Dl-D2-D3 have also been 
compared. Although a similar pattern is observed for 
nt U61-G86, corresponding to the part of the tRNA-like 
structure mimicking an anticodon stem-loop, a strong 
difference is noticed within the central core C (nt A39- 
C60 and G87-G104). Indeed, strong Vl cuts at residues 
G102, U103, and G104 occur only in the full-length 
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FIGURE 2. Mapping of N-7 positions in the purines and of N-3 positions in cytidines of the three RNA constructs (t’MV 
38, 108, and 182) by DMS (atoms N-3 of C and atoms N-7 of G) and DEPC (atoms N-7 of A). Autaradiogmms of 20% (left) 
and 12% (right) polyacrylamide gels of cleavage products of S-labeled RNAs. Lanes C, incubation controls; lanes N, pmb- 
ing under native condition (4 min incubation with 1 FL of DMS diluted twice in ethanol, and IS min with 10 (rL of pure 
DEPC); lanes SD, probing under semi-denaturing conditions (4 min incubation with 1 pL of DMS diluted twice in etha- 
nol, and 15 min with 5 pL of pure DEPC); lanes DA, formamide ladder; lanes Tld, guanine ladder with different enzyme 
concentrations (lanes l-3). Sequencing tracks are numbered at each G residue. 
RNA construct, indicating that domain D3 is needed 
for the occurrence of Vl cleavages in this region and, 
thus, for the stabilization of this helical domain. 
Taken together, these comparative probing data be- 
tween the three RNAs bring information for the con- 
struction of the model of the largest fragment and 
especially for the assembly of the secondary elements 
Dl, DZ, and D3 into a three-dimensional fold. 
Modeling of the central core 
The three-dimensional conformation of the central core 
C is crucial because it sets constraints on the three ad- 
jacent domains Dl, D2, and D3. In previous structural 
studies, several alternate foldings were already pro- 
posed for this three-way RNA junction (reviewed in 
Mans et al., 1991). In the absence of biochemical data 
and with due consideration of the geometry and stereo- 
chemistry of RNAs, the pseudoknotted central core of 
the TMV tRNA-like domain can be constructed in hvo 
different ways, as shown in Figure 4. The two isomers 
possess the same topology, but opposite chimlities. The 
geomehy of the three-way RNA junction is dictated by 
the &ii&y of the two connecting single strands, which 
impose the respective orientation of the three RNA he- 
lices. When those single-stranded stretches follow a 
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FIGURE 3. Summary of the enzymatic and chemical probing data ob- 
tained on the three RNA constructs (nt 38, 108, 182) derived from 
the TMV tRNA-like domain. Mapping data are shown on second- 
ary structures derived from the foldings proposed by Rietveld et al. 
(1984) with numbering of residues from the 3’ terminus (see also 
Fig: 1). To facilitate structural interpretation of data, the residues of 
the core domain C displayed in the boxed panel of Figure 1 (A39, 
GO, G104) are emphasized in bold characters in the foldings of 
TMV 108 and TMV 182. Enzymatic cuts induced by RNase Vl (D), 
Tl (Z-+), and by nuclease Sl (O+). Intensities of cuts are proportional 
to the darkness of the symbols: open, stippled, and filled for weak, 
medium, and strong cuts, respectively. Chemical reactivities under 
native conditions (0), under semi-denaturing conditions (0), or only 
when the RNA structure is denatured (Cl) of adenines (atoms N-7), 
cytosines (atoms N-3), and guanines (atoms N-7). Strong reactivities 
are in dark, moderate in gray, and marginal in white symbols. 
right-handed path, the “right-handed” isomer is ob- Our probing data were sufficiently accurate to dis- 
tained (Fig 4, left panel). On the other hand, the “left- criminate which one of the two conformations occurs 
handed” isomer is obtained when the single-stranded predominantly in solution. In Figure 4, the white 
stretches follow a left-handed path (Fig. 4, right panel). spheres (the two bottom panels) correspond to the 
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a Y-shaped conformation as already proposed for 
three-way DNA junctions (Duckett et al., 1990; Leon- 
tis et al., 1993). This is a major discrepancy with pre- 
vious proposals for alternate foldings of this central 
core. Indeed, these models were only based on differ- 
ent stacking choices of the three RNA helices (reviewed 
in Mans et al., 1991). 
A well-documented example of other three-way RNA 
junctions are the Xenopus laevis (Westhof et al., 1989) 
and Escherichia coli (Bnmel et al., 1991) 55 ribosomal 
RNAs. Both 55 rRNAs fold into a Y-shaped structure in 
which two helices are quasi-c&near but, in that case, 
two of the three structural domains are connected by 
unpaired nucleotides involved in a precise array of hy- 
drogen bonds based on triple interactions on the shal- 
low groove side. The hammerhead riboryme belongs 
to the three-way junctions also with two stacked heli- 
ces, but with two connecting single-stranded stretches 
involved in nonclassical base pairing on the shallow 
groove side. Fluorescence experiments (Tuschl et al., 
1994), coupled to modeling, led to an architecture sim- 
ilar to that obtained by X-ray crystallography (Pley 
et al., 1994; Scott et al., 1995). except for the relative ori- 
entation of the unstacked helix with respect to the 
stacked stem. In the central core of TMV, the three-way 
junction results from pseudoknotting between a bulge 
and 3’ dangling strand. Therefore, one does not expect 
similarities between the hammerhead ribozyme and 
the central core of TMV RNA. However, a striking and 
unexpected topological similarity exists (Fig. 5) between 
the C domain of TMV RNA and the catalytic region of 
FIGURE 4. Secondary structure and graphical ,modelmg conrtruc~ 
tions of two possible conformational isomers for the central core of 
the TMV tRNA-like domain. White arrows on the secondary stru- 
tore (top) correspond Lo white ,pherrs on the two models (bottom) 
and indicate the location of RNase “1 cleavages derived from the 
probing data. The stru‘twe on the left correspmds to the left-handed 
isomer and the one on the right to the right-handed isomer. Accord- 
ing to the high sterical hindrance of the VI enzyme, only the rights 
handed model of the central core (bottom right) acc”unts well for the 
cleavage pattern. For simplicity, one RNA strand is colored red and 
the other green “n bath secondary and tertiq structures of the three- 
way junction. Both 3’and Yends of each RNA strand are indicated. 
white arrows (top panel) and indicate the exact location 
of RNase Vl cuts. Considering the high sterical hin- 
drance of RNase Vl, an enzyme of 15,900 Da, only the 
right-handed isomer is in agreement with the cleavage 
pattern. Indeed, two (those located at the Sside) of the 
four enzymatic cuts occurring in a stretch are not pos- 
sible in the left-handed conformation because they are 
located in an inaccessible area due to the very close 
proximity of the adjacent RNA helices. These two Vl 
cuts are well explained in the right-handed conforma- 
tion (see Fig. 4 for details). The other Vl cleavage sites 
were not able to discriminate between these two pu- 
tative RNA foldings. Thus, the right-handed isomer is 
favored strongly in solution. According to this confor- 
mation of the central core, the respective orientation of 
the three structural domains Dl, D2, and D3 was de- 
fined and a three-dimensional model rationalizing both 
structural and functional data was derived bv computer 
modeling. 
Structural comparisons: Is the RNA 
world right-handed? 
In the two isomers of opposite chirality, there is no 
TMV 
Central care c 
FIGURE 5. rwo-dImensional drawings ~llustratmg the topological 
analogy between the central duman C in TMV (left) and the cata- 
lytic domain of HDV (right) folded as a pseudoknot according to Fer- 
,““l/ hehx-helix stacking and the three-way junction adopts rotta and Been (L~L,. 
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hepatitis delta virus (HDV), which folds also into a 
pseudoknot (Perrotta & Been, 1991). In a proposed 
model for the HDV core (Tanner et al., 1994), the in- 
ternal helix is short and subtends a hairpin loop carry- 
ing catalytically active residues, whereas in TMV, the 
internal helix leads to the variable and long domain D2. 
It is thus not possible to build both domains with a sim- 
ilar arrangement of helices. 
For modeling purposes, it is worthwhile to compare 
three-way junctions with four-way junctions. In four- 
way junctions (Liiley & Clegg, 1993), there are four iso- 
mers: the crossed and noncrossed junctions lead to 
right-handed or left-handed arrangement of the stacked 
two arms forming the X-shaped conformation. In that 
instance, the right-handedness at the junction controls 
again the choice between crossed and noncrossed iso- 
mers. In the crossed junctions, the path of the joining 
backbone is left-handed and, in the noncrossed junc- 
tion, it is right-handed (Km1 et al., 1990). The most 
commonly observed conformer in RNA and DNA is 
the noncrossed right-handed arrangement of the four 
arms (Krol et al., 1990; Lilley & Clegg, 1993; Duck&t 
et al.. 19951. 
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The folding of the TMV IRNA-like domain 
The three-dimensional folding of the 182.nt long RNA 
fragment, encompassing domains Dl, D2, and D3, and 
corresponding to the TMV tRNA-like domain, is 
shown in Figure 6. Both N-7 reactivities of purines lo- 
cated between connecting helices and the comparative 
structural analysis of similar domains within the three 
RNA fragments were essential to connect the second- 
ary structural elements into a three-dimensional fold. 
The topology of the RNA structure is as follows: Dl is 
perpendicular to 02 and D3 is directed in nearly an op- 
posite direction to Dl. This gives rise to a bent Dl-D2 
domain. When using the left-handed conformation of 
the central core, the topology of the tRNA-like domain 
is totally changed, giving rise to a global Y-shaped fold 
where the three domains Dl, D2, and D3 are oriented 
at about 120” from one another (result not shown). 
The conformations and proximity of domains Dl and 
C suggest that they are connected by two tertiary in- 
teractions C32-G96 and LJ33-G97, mimicking the G18- 
‘P55 and G19-C56 found in canonical tRNAs between 
D- and T-loops, respectively (Rich & RajBhandary, 
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1976). The single-stranded RNA stretch (A95, G96, 
G97, U98) located in the pseudoknot of the central core 
indeed mimics a D-loop conformation. The chemical 
and enzymatic data do not support convincingly the 
proposecl tertiary contacts. However, those tertiary 
pairs are exposed at the edge of the molecule so that 
access to chemicals and enzymes is not prevented. The 
equivalent positions in tRNAs are often found reactive 
(Romby et al., 1987). The occurrence of these two novel 
tertiary interactions would be strengthened by a strict 
conservation of these two guanosine residues G96 and 
G97 for other sequenced tobamoviral RNAs, namely 
TMV vulgare strain (Goelet et al., 1982), cucumber 
green mottle mosaic virus (Meshi et al., 1983), TMV to- 
mato strain (Ohno et al., 1984), TMV U2-strain (Garcia- 
Arenal, 1988), pepper mild mottle virus strain S RNA 
(Avila-Rincon et al., 1989), tobacco mild green mosaic 
virus (Solis & Garcia-Arenal, 1990), and even in the 
case of the satellite tobacco mosaic virus RNA (Felden 
et al., 1994b), whereas flanking sequences are random. 
Based on the strong conservation of G96 and G97, 
Mans et al. (1991) already hypothesized about a rela- 
tionship between the T-like loop and the A95-U98 re- 
gions. In the vulgare strain, domain Dl is connected 
directly to the central core by the phosphodiester bond 
between nt G38 and A39, and these two residues be- 
long to two different helical domains. Moreover, the 
rotational freedom of this phosphodiester bond would 
be further restricted by the suggested tertiary inter- 
actions between domain Dl and the central core. Con- 
sequently, in the present three-dimensional model, the 
central core sets the orientation of Dl and enforces the 
spatial location of D3 by stacking interactions between 
the three pseudoknots and the adjacent helix of the 
three-way junction. However, the orientation of the 
anticodon-like domain with respect to the central core 
may differ from one viral strain to another because an 
internal RNA bulge varying largely in sequence and 
length is located in between. 
Functional implication: Histidylation properties 
of the three RNAs derived from the TMV 
tRNA-like domain 
The genomic RNA of TMV has been known to be histi- 
dylable at its 3’ end by HisRS from several origins for 
more than 20 years @berg & Philipson, 1972). The ele- 
ments, within canonical histidine-accepting tRNAs, re- 
sponsible for their specific aminoacylation have been 
defined in several instances (Himeno et al., 1989; 
Francklyn & Schimmel, 1990; Rudinger et al., 1994). The 
major identity element concerns base -1, located at the 
5’ end of the tRNA. This is a feature only encountered 
in tRNAHi” (Steinberg et al., 1993), which finds its 
structural equivalent in the acceptor stem of the tRNA- 
like domain from turnip yellow mosaic virus RNA 
(Rudinger et al., 1992). An equivalent nucleotide is 
present in the pseudoknot of domain Dl of the TMV 
tRNA-like domain, namely nt 18, and is an excellent 
candidate responsible for the histidylation properties 
of the viral RNA. If this holds true, the shortest RNA 
fragment investigated here and mimicking a tRNA ac- 
ceptor branch, should be an efficient substrate for yeast 
HisRS . 
The explicit demonstration of the histidylation prop- 
erties of this RNA is given in Table 1. Yeast HisRS is 
able to aminoacylate up to 40% of RNA Dl. The pres- 
ence of additional domains D2 and D3 increases the 
charging level to 66%. The entire TMV RNA can be 
charged to nearly 100% under the same experimental 
conditions. The Michaelis-Menten parameters K, and 
V,,,,, give a more quantitative estimation of the histi- 
dylation properties of the three molecules compared to 
full-length TMV RNA. The histidylation efficiency of 
Dl, which corresponds to a minimalist RNA substrate 
mimicking a tRNA accepting branch, is high compared 
to that of the full-length TMV RNA genome because it 
is only about lo!-fold less active (L = 107, where L is 
expressed by the ratio (V,, /K,,, ),,v RN*/( V,,, /Km),,). 
TABLE 1. Kinetic parameters of histidylation of the three RNAs (nts 38, 108, 182) derived from the 
TMV tRNA-like domaina 
RNA 
Dl 
Dl-D2 
Dl-D2-D3 
TMV RNA 
Aminoacylation ’ ’ J 
plateausb 
e-4 (k) 
40 4,000 
56 3,900 
66 3,100 
98 90 
V >UltX 
(arbitrary 
units) 
140 
, 400 
650 
340 
Vltm4” 
(arbitrary 
units) 
0.035 
0.10 
0.21 
3.76 
L 
(relative to 
TMV RNA) 
107 
38 
18 
1 
a Aminoacylation levels were obtained with equivalent amounts of enzyme and correspond to op 
timal plateaus. L value corresponds to loss of specificity and is expressed by the ratio (V,,/K,)- WA/ 
(v,a@&n)Dl or Dl-DZ or Dl-DZ-D3. 
b It is recalled that aminoacylation plateaus of less than 100% do not necessarily reflect existence 
of inactive molecules. Decreased aminoacylation levels, accompanied by decreased charging efficien- 
cies, reflect the existence of the equilibrium between the aminoacylation reaction and those reactions 
leading to the deacylation of the charged RNAs [for details on the incomplete charging of tRNA-lie 
molecules see Giege et al. (1978) and references therein]. 
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For comparison, the aminoacylation of the minihelix 
derived of yeast tRNAAsP by yeast AspRS is 9,000-fold 
less efficient than the aminoacylation of the corre- 
sponding entire tRNA (Frugier et al., 1994). Interest- 
ingly, if the anticodon-like branch D2 is added to RNA 
Dl, the histidylation efficiency is increased threefold 
(L = 38). Consequently, domain D2 may interact with 
yeast HisRS during the aminoacylation process, as al- 
ready suggested by nuclease protection experiments of 
the TMV RNA by HisRS (Garcia-Arenal, 1988). More- 
over, when domain D3 is added to RNA Dl-D2, the 
specificity of the aminoacylation reaction is again in- 
creased by a factor of two (L = 18). Additional contacts 
between the viral RNA and the enzyme may occur out- 
side the strict tRNA-like core, which comprises solely 
domains Dl and D2. Finally, whereas the V,,,,, values 
are comparable between the four RNAs, the affinity of 
the entire TMV RNA genome for yeast HisRS is much 
higher than that for the three RNA fragments (90 nM 
versus 3,000-4,000 nM). These results are not under- 
stood clearly, but it may be proposed that additional 
contacts between the viral genome and yeast HisRS 
located outside the tRNA-like domain (RNA Dl-D2- 
D3) increase the affinity between the two interacting 
molecules. 
Taken together, these functional data indicate that 
the three domains Dl, D2, and D3 are of importance 
for the aminoacylation properties of the viral tRNA-like 
domain. Additional functional data obtained on viral 
RNA mutants will be essential to define the full set of 
recognition elements required for the optimal amino- 
acylation capacities of the TMV RNA. 
In a previous study, Joshi et al. (1985) have searched 
for the minimal size of the RNA needed for histidyl- 
ation activity. This was performed using electrophoretic 
.methods to isolate 3’ fragments labeled by aminoacy- 
lation by a partially purified sheep liver HisRS of mildly 
hydrolyzed viral RNA. They came to the conclusion 
that all RNA molecules longer than about 95 nt can be 
aminoacylated. These results are at variance with the 
conclusions of this work, showing that a much shorter 
fragment of 38 nt can be histidylated. The discrepancy, 
however, is only apparent because the previous exper- 
iments were done with synthetase preparations from 
different sources and of different purities. It is quite 
likely that the shorter fragments, charged with a de- 
creased catalytic efficiency, could not be revealed un- 
der the former experimental conditions. 
CONCLUSIONS 
In this study, we have confirmed the secondary struc- 
ture of the TMV tRNA-like domain by collecting addi- 
tional solution-probing data and we derived a refined 
three-dimensional model of the RNA structure by com- 
puter modeling. We showed that the conformation of 
a three-way RNA junction located at a central position 
within the structure imposes the folding of the entire 
tRNA-like domain. Two conformers of opposite chiral- 
ities are geometrically plausible, a right-handed and a 
left-handed isomer, but only the right-handed confor- 
mation is in agreement with the probing data. More- 
over, our functional data indicate that the full-length 
TMV RNA is histidylable up to 100%. Because only the 
selected isomer allows mimicking of the folding of a ca- 
nonical tRNA, both functional and structural results 
are in line with the absence of any equilibrium between 
the two isomers. 
A refined three-dimensional model, in which the ori- 
entation of the three structural domains Dl, D2, and 
D3 is constrained by the conformation of the central 
core, is proposed. This model is valid for the 3’ non- 
coding domains of tobamoviral RNAs as well as for the 
tRNA-like domain of STMV RNA. Domains Dl and D2 
are located perpendicularly and mimic the L-shaped 
fold of canonical tRNAs. Interestingly, our data sug- 
gest that, in the case of the viral tRNA-like domain, a 
D-loop is mimicked by a different structural feature 
than that found in transfer RNAs, namely a single- 
stranded RNA stretch (A95-U98) belonging to the 
pseudoknotted central core. Two tertiary interactions, 
occurring between the D-like and T-like loops, and in- 
volving four conserved residues among the tobamoviral 
RNAs, are proposed. Consequently, as has already 
been established for the TYMV (Dumas et al., 1987) 
and for the BMV tRNA-like domains (Felden et al., 
1994a), similar functions;-namely the aminoacylation 
properties of tRNAs and of plant viral RNAs, are linked 
to similar tertiary foldings, but arise from different sec- 
ondary structural elements. In contrast, although a to- 
pological analogy exists between the pseudoknotted 
three-way junctions of the central domain C in TMV 
and of the catalytic domain of HDV, the three-dimen- 
sional models proposed for TMV and HDV differ and 
there is no reported functional activity. 
MATERIALS AND METHODS 
Chemicals and enzymes 
DMS was ‘from Aldrich-Chimie (St Quentin-Fallavier, 
France), DEPC and hydrazine from Sigma (St. Louis, Mis- 
souri, USA), and aniline from Merck (Darmstadt, Germany). 
Nucleotides were from Boehringer-Mannheim (Meylan, 
France). Rotiphorese Gel 40 solution of acrylamide and 
‘N, N c-methylene-bis-acrylamide was from Carl Roth GmbH 
(Karlsruhe, Germany). Radioactive [32P]pCp at 3,000 Cilmol 
and [y-32P]ATP at 3,200 Cilmol were from Amersham (Les 
Ulis, France), as was L-[~H] histidine (58 Cilmmol). Yeast 
HisRS was an enzyme preparation enriched by chromatog- 
raphies on DEAE-cellulose, hydroxyapatite, and phospho- 
cellulose (Mengual, 1977). Restriction enzyme EcoT221 was 
purchased from United States Biochemical Corporation 
(Cleveland, Ohio, USA)..The nucleases Sl, Tl, and Vl were 
from Pharmacia (Paris, France). Phage T4 polynucleotide ki- 
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nase was from Amersham (Les Ulis, France), snake venom 
phosphodiesterase was from Worthington (Freehold, New 
Jersey, USA), bacterial alkaline phosphatase was from Ap- 
pligene (Strasbourg, France). Bacteriophage T7 RNA poly- 
merase was prepared according to Wyatt et al. (1991). Total 
yeast tRNA, used as a carrier RNA to supplement labeled 
viral RNA fragments, was from Boehringer-Mannheim (Mey- 
lan, France). 
Preparation of RNAs and aminoacylation assays 
The RNA constructs are derived from the wild-type sequence 
of TMV RNA (vulgare strain). Their cloning downstream from 
the T7 RNA polymerase promoter was done as described 
earlier (Perret et al., 1990) using synthetic oligonucleotides. 
Plasmids were linearized by EcoT221 restriction nuclease 
before transcription so that transcripts will end with the 
3’-terminal CCA triplet. In vitro transcription was performed 
as described (Felden et al., 1994a). The three RNA transcripts 
were separated from nonincorporated nucleotides and DNA 
fragments by electrophoresis on denaturing gels. Appropri- 
ate bands were electroeluted and pure transcripts were re- 
covered by ethanol precipitation. Because all RNA variants 
were handled strictly under identical conditions, we believe 
that they are in the same conformation in their functional core 
(see also the legend to Table 1). TMV virus (Strasbourg strain) 
was a kind gift of J. Witz (Strasbourg) and was prepared as 
described (Von Wechmar & Van Regenmortel, 1970). Viral 
RNA was extracted from its capsid by two phenol extractions 
and recovered by ethanol precipitation. Spectrophotometric 
measurements were made to determine the concentration of 
the RNA, assuming that 1 absorbance unit at 260 nm corre- 
sponds to 40 pg*rnL-’ RNA in a 1-cm-pathlength cell. 
Aminoacylation reactions were performed on the three 
RNA transcripts and on the full-length TMV RNA. Charging 
plateaus and kinetic parameters were done at 30 “C in a me- 
dium containing 25 mM Tris-HCl, pH 7.8, 15 mM MgCl*, 
7.5 mM ATP, 50 PM L-[3H] histidine (58 Cilmmol), and the 
required concentrations of RNA and yeast HisRS. Aliquots 
were spotted on 3MM Whatman papers at four different 
times and precipitated in 10% (v/v) trichloroacetic acid. Ki- 
netic parameters (K,,, and V,,,,) were determined from 
Lineweaver-Burk plots. Before aminoacylation measure- 
ments, RNA molecules were renatured by a heating/cooling 
treatment (Frugier et al., 1994). 
Structural mapping procedures 
Labeling of the 5’ ends of the three RNAs was performed with 
[r-32F’]ATP and phage T4 polynucleotide kinase on RNA de- 
phosphorylated previously with alkaline phosphatase (Sil- 
berklang et al., 1977). Labeling at the 3’ end was done by 
ligation of [r-32P]pCp with T4 RNA ligase (England & Uh- 
lenbeck, 1978). Before either enzymatic digestions or chem- 
ical modifications, the labeled RNAs were heated up to 50 “C 
for 5 min and slowly cooled down at room temperature for 
20 min. 
Digestions with the various nucleases (Vl, Sl, Tl,) were 
done at 20 “C as described (Felden et al., 1994a) on labeled 
transcripts (30,000~60,000 cpm depending of the experiments) 
supplemented with 1 pg of total tRNA. The following 
amounts of nucleases were added: 1.25 10e2 unit of RNase 
Tl, 0.1 unit of RNase Vl, and 83 units of nuclease Sl. Incu- 
bation times were 10 min for Vl and Tl cleavages and 5 min 
for Sl mapping. 
Modification of N-3 atoms of cytosine and N-7 atoms of 
guanine residues by DMS and of N-7 positions in adenine by 
DEPC were done at 20 “C according to Peattie and Gilbert 
(1980). Concentration of chemicals and incubation times have 
been optimized for the three RNAs. Reaction mixtures of 
200 PL contain the appropriate buffer, the labeled transcripts 
(60,000 cpm) supplemented with 10 pg of total tRNA, 1 PL 
of diluted DMS solution (dilution of saturated stock solution 
was twofold in 100% ethanol) or 5-10 PL of pure DEPC. Two 
different conditions were tested: native and semi-denaturing. 
Under native conditions, DMS modifications were done for 
4 min in 50 mM sodium cacodylate, pH 7.5, and 20 mM mag- 
nesium acetate for N-3 modification of C residues, or in 50 mM 
sodium cacodylate, pH 7.2, and 10 mM MgC12 for N-7 
methylations of G residues. Semi-denaturing conditions were 
as native conditions for incubation times, but the buffer con- 
tained 50 mM sodium cacodylate, pH 7.5, and 1 mM EDTA. 
Under native conditions, DEPC modifications were done in 
50 mM sodium cacodylate, pH 7.2, and 10 mM MgC12, with 
10 PL of DEPC for 15 min. Under semi-denaturing conditions, 
5 CCL of DEPC were applied for 15 min in 50 mM sodium cac- 
odylate, pH 7.5, and 1 mM EDTA. Reactions were stopped 
and modifications or cleavage sites were assigned as de- 
scribed previously (Felden et al., 1994a). 
Computer modeling 
Graphical modeling was performed on an Evans and Suther- 
land I’S300 display system. Construction of the model was 
performed as described for the BMV RNA (Felden et al,, 
1994a) or more generally as described by Westhof (1993). The 
graphical model was subjected to restrainedleast-squares re- 
finement according to Konnert and Hendrickson (1980) with 
the programs NUCLIN and NUCLSQ (Westhof et al., 1985) 
in order to ensure correct geometry and stereochemistry. 
Graphic representations were produced with DRAWNA soft- 
ware (Massire et al., 1994). 
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